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A B S T R A C T
The thermal degradation of PEI has been studied in wide ranges of temperature (between 180 and 250 °C) and
oxygen partial pressure (between 0.21 and 50 bars). On one hand, the chemical ageing mechanisms have been
analysed and elucidated by FTIR spectrophotometry and by diﬀerential calorimetry (DSC) on suﬃciently thin
PEI ﬁlms (between 10 and 60 μm thickness) to be totally free of the eﬀects of oxygen diﬀusion. As expected, and
by analogy with other aromatic polymers of similar chemical structure, oxidation occurs preferentially on the
methyl groups of the isopropylidene unit of the bisphenol A part, thus causing the disappearance of their
characteristic IR absorption band at 2970 cm−1 and the growth of a new IR absorption band at 3350 cm−1,
attributed to alcohols. In addition, oxidation leads successively to a relative predominance of chain scissions and
crosslinking, resulting in a non-monotonic change of Tg. On the other hand, the consequences of oxidation on the
elastic properties have been analysed and elucidated by micro-indentation on polished cross-sections of PEI
plates of 3 mm thickness. The diﬀusion control of oxidation leads to the development of proﬁles of Young's
modulus within the sample thickness, which correlate perfectly with the changes in chemical structure de-
termined by FTIR spectrophotometry. However, the increase in Young's modulus in the superﬁcial oxidized layer
is not the direct consequence of oxidation but of a physical ageing.
1. Introduction
The competition in the aeronautical market depends both on economic
and ecological issues such as the reduction of costs, on-board weight and
fuel consumption. That is the reason why since its origin, the aerospace
industry has been looking for new lighter materials with high thermo-
mechanical properties. In this context, the use of composite materials
made of organic matrix reinforced with glass or carbon ﬁbers (OMC) has
been ampliﬁed with the aim of progressively replacing the metallic ma-
terials. Initially designed for the fabrication of structural parts (wing, tail,
fuselage, etc.), OMCs are now being considered for applications in in-
creasingly harsh thermo-chemical environments, such as areas near heat
sources (typically in environments of aircraft engine). However, they will
be used only if their long-term durability is clearly demonstrated.
The use of thermoplastic matrices has several advantages, such as
the integration of speciﬁc functions, but also the assembly of parts of
the same or diﬀerent nature. Among the thermoplastic matrices that
can meet the aeronautical speciﬁcations, poly(ether imide) (PEI) ap-
pears as a serious candidate. Indeed, it is an amorphous polymer with a
highly aromatic structure giving it not only high thermomechanical
performances (Tg≈ 217 °C), but also a high chemical resistance to the
most usual solvents (acetone, toluene, ethyl acetate, etc.) and aero-
nautical ﬂuids (in particular, Skydrol). The thermal degradation of PEI
has been little studied in the literature, almost exclusively in the rub-
bery state above 300 °C in inert or in slightly oxygenated atmosphere
(typically in air).
The oxidation of PEI, but also of aromatic polymers with a similar
chemical structure, occurs mainly at the methyl groups of the iso-
propylidene unit of the bisphenol A part, which contains the most labile
H atoms [1,2]. Oxidation leads to the formation of a wide variety of
degradation products detected by FTIR spectrophotometry. These pro-
ducts include carbonyls, especially aromatic (at 1690 cm−1) and ali-
phatic ketones (1724 cm−1) and anhydrides (1840 and 1860 cm−1), as
well as hydroxyls (3553 and 3514 cm−1) [2–6]. The disappearance of
the IR absorption bands which are characteristic to the isopropylidene
unit (C-CH3 bond at 1186 cm−1) and methyl groups (C-H bond at 2870,
2933 and 2970 cm−1) has been also observed [3,5].
Mechanisms of chain scission were also proposed to explain the
formation of the wide variety of volatile products. Chain scissions occur
at the C-C bonds of the isopropylidene unit, but also at the ether bonds
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between the phenyl and phthalimide rings [1,6–9]. They predominate
largely over crosslinking at the beginning of exposure, but they become
ﬁnally negligible in comparison to crosslinking at longer term
[1,5,7,10,11]. The bimolecular recombination of methylene radicals
would be the main source of crosslinking.
The present article provides a detailed multi-scale and multi-tech-
nical analysis of the thermal degradation of PEI at lower temperatures
and higher partial oxygen pressures than those studied until now in the
literature. A peculiar attention is paid to the consequences of degradation
on two key thermomechanical properties in the aeronautical ﬁeld: the
changes in the glass transition temperature and Young's modulus.
2. Experimental
The material under study is the PEI ULTEM® 1010 supplied by
SABIC company in the form of pellets. Plates of 3 mm thickness were
molded by an injection machine from these pellets by the Pôle
Européen de Plasturgie (PEP) located in Oyonnax (France). The plates
were then cut with a LEICA RM2255 microtome in order to obtain
suﬃciently thin ﬁlms (typically between 10 and 60 μm thickness) for
ensuring a homogeneous oxidation throughout their thickness. The
oxidation kinetics of PEI was studied in the rubber state at 220 and
250 °C, but also in the glassy state at 180 and 200 °C, under oxygen
partial pressures ranged between 0.21 bar (in air-ventilated ovens
regulated at ± 1 °C) and 50 bars (in autoclaves). All the ﬁlms were
periodically removed from the ageing chambers and cooled to room
temperature in a desiccator containing silica gel for preventing any
moisture recovery prior to being characterized. It is noteworthy that
much thicker samples (plates of 3 mm thickness) were also exposed in
air-ventilated ovens at 220 and 250 °C in order to put in evidence the
development of oxidation proﬁles. In all cases, the consequences of
oxidation were analysed by several complementary laboratory techni-
ques from the molecular to the macroscopic scales, via the macro-
molecular and microscopic scales.
The changes in molecular structure were followed by FTIR spec-
trophotometry in a transmission mode. The FTIR spectra of the PEI
ﬁlms were measured before and after ageing for detecting and quanti-
fying the disappearance of chemical groups initially present in the PEI
matrix and the formation of the main oxidation products. The analyzes
were carried out with a Perkin Elmer Frontier apparatus between 400
and 4000 cm−1, after having averaged the 16 recordings obtained with
a minimum resolution of 4 cm−1. The thermal ageing of PEI leads to
two major changes in the FTIR spectrum (Fig. 1). On the one hand, it
can be seen the decrease in intensity of the IR absorption bands at 2970,
2935 and 2875 cm−1, which are mainly characteristic of the C-H bonds
of the -CH3 groups of the isopropylidene unit in the early periods of
exposure, but also of the C-H bonds of the -CH2- groups formed during
thermal ageing at longer term (see Fig. 4). On the other hand, it is
observed the appearance and growth of a wide IR absorption band
Fig. 1. Changes in the regions of C-H (a) and O-H
bonds (b) in the FTIR spectrum of PEI during its
thermal ageing in air at 250 °C.
Fig. 2. Changes in the concentration of alcohols (a) and C-H bonds (b) during the thermal ageing of PEI in air at 200 (in pink), 220 (violet) and 250 °C (green). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
Fig. 3. Comparison between the changes in the concentration of C-H bonds (■) and al-
cohols (●) during the thermal ageing of PEI in air at 220 °C.
centered at 3350 cm−1 and attributed to the elongation vibration of the
O-H bond of alcohols.
Let us recall that the concentration C of these various products is
related to the absorbance Abs of their IR absorption band according to
the Beer-Lambert's law:
=
×
C Abs
e ε (1)
where e is the sample thickness (expressed in cm) and ε the coeﬃcient
of molar extinction whose averaged values are given in the literature:
ε(O-H of alcohols) = 90 L mol−1. cm−1 [12,13] and ε(C-H of
CH3) = 42 L mol−1. cm−1 [14].
Consequences of oxidation on the macromolecular architecture of
PEI were followed by diﬀerential scanning calorimetry (DSC). The DSC
thermograms of the PEI ﬁlms were measured before and after thermal
ageing for accessing the changes in the glass transition temperature
(Tg). The analyzes were carried out with a TA Instruments Q1000 ca-
lorimeter between 25 and 300 °C with a heating rate of 10 °C.min−1
under a nitrogen ﬂow. The value of Tg was taken at the inﬂection point
of the variation curve of the heat ﬂux with the temperature.
Finally, the impact of thermal ageing on the elastic properties (in
particular, on the Young's modulus) of PEI was determined by micro-
indentation on the polished cross-sections of PEI plates of 3 mm
thickness. The plates were cut in the thickness direction and embedded
in a commercial acrylic KM-V resin, which was crosslinked for 12 h
under primary vacuum at room temperature. Then, the plate cross-
sections were polished with a MECAPOL P320 device using silicon
carbide abrasive papers of decreasing particle size (typically from 80 to
2400 granulometry). Finally, a mirror ﬁnish was obtained using dia-
mond pastes of decreasing particle size (typically from 3 to 0.25 μm).
The indentations were then performed with a CSM Instrument Micro
Indenter equipped with a Vickers diamond tip of pyramidal geometry,
Fig. 4. Thermal degradation mechanism of PEI initiated by two competitive paths [1,4,7,9]: breakdown of C-C bonds of the isopropylidene unit (left) and unimolecular decomposition of
hydroperoxides (right).
Fig. 5. Arrhenius diagram of the induction times
(a) and the maximum rates (b) of the dis-
appearance of C-H bonds (■) and the accumula-
tion of alcohols (●) in air between 200 and
250 °C.
Table 1
Activation energy of the induction times (ti) and the maximum rates (rox) of the dis-
appearance of C-H bonds and the accumulation of alcohols in air between 200 and 250 °C.
Groups Ea of ti (kJ.mol−1) in air Ea of rox (kJ.mol−1) in air
C-H bonds 254 96
O-H bonds (alcohols) 204 67
with a force of 500 mN and a loading and unloading rate of
1000 μm min−1. A pause of 5 s was systematically applied between the
loading and unloading. The Indentation 4.37 operating software gives
directly the value of the reduced modulus Er of the material, which is
calculated according to Oliver & Pharr's method [3,15–17]:
=E πS
β A2r c (2)
where S is the initial slope of the unloading curve, β is a shape factor
depending on the indenter type (β = 1.012 for a Vickers tip) and Ac is
the contact area, between the indenter and the sample, projected
perpendicularly to the indenter axis on the sample surface: AC = a2, a
being the side length of the projected square. This latter quantity is also
directly given by the operating software. It depends both on the pene-
tration depth of the indenter and the indenter geometry.
Then, the local elastic modulus E was determined from the reduced
modulus Er with the following equation:
=
−− −
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ν
E
ν
E
1 1 2
r
i
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2
(3)
where ν is the Poisson's coeﬃcient of the virgin PEI: ν = 0.44 (supplier
data), and νi and Ei are respectively the Poisson's coeﬃcient and
Young's modulus of the diamond indenter: νi = 0.07 and
Ei = 1141 GPa.
The global elastic modulus ES is the average value of the N local
values E(j) constituting the micro-indentation proﬁle:
∑=
=
E
N
E j1 ( )S
j
N
1 (4)
In this study, ES was used as the Young's modulus of the sample after
Fig. 6. Changes in the concentration of alcohols
(a) and C-H bonds (b) during the thermal ageing
of PEI under an oxygen pressure of 0.21 bar (in
violet), 0.4 bar (black), 1 bar (red), 3 bars (or-
ange) and 5 bars (green) at 220 °C. (For inter-
pretation of the references to colour in this ﬁgure
legend, the reader is referred to the Web version
of this article.)
Fig. 7. Changes of the induction times (a) and the
maximum rates (b) of the disappearance of C-H
bonds (■) and the accumulation of alcohols (●)
with the oxygen partial pressure at 200 °C.
Table 2
Critical pressure (PC), induction time (ti) and maximum rate (rox) of the disappearance of
C-H bonds or the accumulation of alcohols in oxygen excess at 180, 200 and 220 °C.
Temperature (°C) PC (bar) ti in O2 excess (h) rox in O2 excess (mol.L−1.h−1)
180 ≤ 20 1519 0.59 × 10−3
200 1 257 1.8 × 10−3
220 0.6 53 4.3 × 10−3
Fig. 8. Arrhenius diagram of the induction times
(a) and the maximum rates (b) of the dis-
appearance of C-H bonds (■) and the formation
of alcohols (●) in oxygen excess between 180 and
220 °C.
having checked, by uniaxial tensile testing, that it gives a very good
estimate of this latter. Indeed, it has been found that their respective
values diﬀer only by a factor of 0.7.
3. Results and discussion
3.1. Changes in molecular structure
Fig. 2 reports the changes in the concentration of alcohols (at
3345 cm−1) and C-H bonds (2970 cm−1) during the thermal ageing of
PEI in air between 200 and 250 °C. As expected, the temperature sig-
niﬁcantly accelerates the oxidation kinetics of PEI.
The consumption of C-H bonds is explained both by the release (in
the form of methane) of CH3 groups from the isopropylidene unit due to
the thermolytic cleavage of the C-CH3 bonds [1,6–8], but also by the
preferential propagation of oxidation on the CH3 groups. Indeed, let us
recall that the dissociation energy of a C-H bond is much lower in a CH3
group (≈ 414 kJ mol−1) than in an aromatic ring (≈ 465 kJ mol−1). In
addition, the C-H bond is even more labile when the CH3 group is lo-
cated near a double bond or an aromatic ring. As an example, in the
case of toluene, its dissociation energy is only 347 kJ mol−1 [18].
As an example, Fig. 3 compares the changes in the concentration of
alcohols and C-H bonds in air at 220 °C. It is found that alcohols appear
as soon as C-H bonds begin to disappear. More generally, the changes in
these two species are perfectly correlated: the rates (of accumulation or
disappearance) become maximum then slow down suddenly, to ﬁnally
tend towards a quasi-constant value, after the same exposure durations.
This result conﬁrms that alcohols are formed by oxidation of the CH3
groups as already described in the literature for polymers containing
the bisphenol A unit in their chemical structure, in particular for PEI
and polycarbonate (PC) [1,4].
In addition, the initial presence of an induction period on all the
kinetic curves clearly indicates that the thermolysis of the iso-
propylidene unit is not the main initiation mechanism between 200 and
250 °C. Indeed, according to literature [19], we are rather in the case of
a thermal oxidation mechanism initiated by its main propagation pro-
duct: the hydroperoxide group POOH. Such a “closed loop” mechanism
allows explaining why, during a more or less long induction period
(depending both on the chemical structure of polymer and the agres-
siveness of ageing conditions), oxidation is not detectable by common
spectrochemical techniques, but also why, at the end of this induction
period, oxidation auto-accelerates sharply to ﬁnally reach its maximum
rate. Let us recall that, at high temperature (typically above 200 °C), the
decomposition of hydroperoxides is mainly unimolecular [20].
In conclusion, these experimental results militate in favor of the
thermal degradation mechanism proposed for PEI and PC at high
temperature in the literature [1,4,7,9], i.e. for an oxidation reaction
initiated not only by the thermolytic breakdown of the C-C bonds of the
isopropylidene unit, but mainly by the unimolecular decomposition of
hydroperoxides, both resulting in the disappearance of CH3 groups and
the formation of alcohols. Fig. 4 summarizes these two degradation
paths. It should be noticed that oxidation can also lead to the formation
of ketones by rapid rearrangement (by β scission) of alkoxyl radicals
(PO%). Unfortunately, ketones are not detectable by FTIR spectro-
photometry because of the initial presence of two broad IR absorption
bands between 1680 and 1800 cm−1, attributed to the elongation vi-
brations of the C-O bonds of imides.
Two ageing indicators were determined graphically for all the ki-
netic curves in order to clearly evidence the eﬀects of temperature and
oxygen partial pressure on the oxidation kinetics of PEI. They are: the
induction time (ti) marking the onset of the auto-acceleration stage, and
the maximum oxidation rate (rox) corresponding to the maximum slope
of the kinetic curves. First of all, these two indicators have been de-
termined in air and plotted in the Arrhenius diagrams of Fig. 5.
Table 1 summarizes the activation energies of ti and rox in air be-
tween 200 and 250 °C determined for C-H bonds and alcohols. As seen
previously, the temperature signiﬁcantly accelerates the oxidation ki-
netics of PEI. However, it reduces much more ti than it increases rox.
This large diﬀerence between the activation energies of both ageing
indicators will be discussed later.
Then, to evidence the inﬂuence of the oxygen partial pressure on the
oxidation kinetics of PEI, FTIR analyzes were performed on PEI ﬁlms
aged under oxygen partial pressures ranged between 0.21 (in air) and
50 bars, between 180 and 220 °C. As an example, Fig. 6 reports the
changes in the concentrations of alcohols and C-H bonds at 220 °C. It is
clear that the oxygen partial pressure accelerates the oxidation kinetics
of PEI.
As an example, the values of ti and rox determined for C-H bonds and
alcohols at 200 °C were plotted as a function of the oxygen partial
pressure in Fig. 7. It is noteworthy that these ageing indicators take
comparable values for the two chemical species under consideration. In
addition, the curves exhibit a hyperbolic shape and reach a plateau,
which is a characteristic of the oxygen excess regime, under high
oxygen partial pressures. In other words, ti and rox become independent
of the oxygen partial pressure above a critical value, denoted PC.
The values of PC, as well as the values of ti and rox determined in
oxygen excess between 180 and 220 °C are summarized in Table 2. It is
noteworthy that the oxygen excess is not fully reached in air (i.e. under
an oxygen pressure of 0.21 bar) at 200 and 220 °C. However, it appears
clearly that PC is a decreasing function of temperature. Indeed, at
180 °C, oxygen excess is only reached beyond 20 bars.
Fig. 8 reports the Arrhenius graphs of ti and rox in oxygen excess
Table 3
Activation energy of the induction times (ti) and the maximum rates (rox) of the dis-
appearance of C-H bonds and the formation of alcohols in oxygen excess between 180 and
220 °C.
Groups Ea of ti (kJ.mol−1) in O2
excess
Ea of rox (kJ.mol−1) in O2
excess
C-H bonds 153 97
O-H bonds (alcohols) 171 89
Fig. 9. Diﬀerences between the glass transition
temperature and its initial value (Tg - Tg0) (a) and
between the numbers of crosslinking and chain
scission events (X–S) (b) during the thermal
ageing of PEI in air at 200 (in pink), 220 (violet)
and 250 °C (green). (For interpretation of the re-
ferences to colour in this ﬁgure legend, the reader
is referred to the Web version of this article.)
between 180 and 220 °C (see Table 2). The corresponding activation
energies are given in Table 3. It can be seen that they are very similar
for the two chemical species under consideration. As expected, for an
oxidation reaction mainly initiated by the unimolecular decomposition
of hydroperoxides, the activation energy of ti is higher than
140 kJ mol−1, but not so much higher [21]. In comparison, for a bi-
molecular decomposition, this value would have been appreciably
lower: typically Ea = 100–110 kJ mol−1 [22,23].
In addition, the activation energy of rox is located in the low range of
the values usually reported in the literature for hydrocarbon polymers.
Indeed, for a moderately oxidizable polymer such as PE, Ea is quite
high: Ea ≈ 138 kJ mol−1 [22]. In contrast, for highly oxidizable
polymers such as PP or unsaturated elastomers, Ea is signiﬁcantly
lower: Ea ≈ 92 kJ mol−1 for PP [23] and Ea ≈ 84 kJ mol−1 for HTPB
[24]. As feared, the presence of aromatic rings in the vicinity of the CH3
groups greatly increases the oxidation sensitivity of these latter.
Finally, let us notice that the activation energies of ti and rox take
diﬀerent values in oxygen default (for instance in air, see Table 1) due
to the temperature dependence of the critical pressure PC.
3.2. Changes in macromolecular structure
The molecular mass is the structural variable commonly used for
monitoring the changes in the macromolecular architecture of the
polymer, i.e. chain scissions (denoted S) and crosslinking events (de-
noted X), during its chemical ageing. As each chain scission leads to a
chain formation, whereas each crosslinking event leads to a chain
disppearance, it can be written:
− = −S X
M M
1 1
n n0 (5)
where Mn0 and Mn are the number average molecular masses before
and after ageing respectively.
However, in this study, it was impossible to measure directly the
molecular mass of PEI after thermal ageing by a classical chromato-
graphic (CES or GPC) or viscometric (in solution) method, because this
polymer crosslinks and thus, becomes rapidly insoluble in its usual
solvents, e.g. in dichloromethane [25] and dimethylacetamide [26]. It
was thus necessary to use an indirect method having already proved its
worth for other aromatic polymers, for instance PEEK [27]: diﬀerential
scanning calorimetry (DSC). Indeed, DSC gives access to the value of Mn
if knowing the value of Tg and applying the Fox-Flory's relationship
[28]:
⎜ ⎟− = − ⎛
⎝
− ⎞
⎠
T T k
M M
1 1
g g FF
n n
0
0 (6)
where kFF is the Fox-Flory's constant (expressed in K.mol.kg−1), which
Fig. 10. Diﬀerences between the glass transition
temperature and its initial value (Tg - Tg0) (a) and
between the numbers of crosslinking and chain
scission events (X–S) (b) during the thermal
ageing of PEI under an oxygen pressure of
0.21 bar (in violet), 0.4 bar (black), 3 bars (red)
and 10 bars (blue) at 220 °C. (For interpretation
of the references to colour in this ﬁgure legend,
the reader is referred to the Web version of this
article.)
Fig. 11. Changes in the induction time of mac-
romolecular modiﬁcations and the maximum
rates of chain scission (●) and crosslinking (▲)
with oxygen partial pressure at 220 °C.
Table 4
Critical pressure (Pc), induction time (ti) and maximum rate (r) for molar and macro-
molecular modiﬁcations in oxygen excess at 220 °C.
Pc (bar) ti in O2 excess
(h)
r in O2 excess
(mol.L−1.h−1)
Degradation products 0.6 53 4.3 × 10−3
Chain scissions 3 17 5.3 × 10−4
Crosslinking 3 - 9.2 × 10−4
Fig. 12. Termination by coupling of P% radicals leading to the formation of a C-C bridge
between two macromolecular chains and thus, to a crosslinking node.
is an increasing function of the chain stiﬀness.
kFF was determined by three diﬀerent methods: the Bicerano's re-
lationship [29], the free volume theory [27,30] and the copolymer
theory [27]. Its average value is: kFF = 295 ± 85 K kg mol−1.
By combining Eq. (5) and Eq. (6), the following relationship was
obtained between Tg and the numbers of chain scissions and cross-
linking events:
− = −T T k X S( )g g FF0 (7)
It can be seen that Tg decreases with the number of chain scissions, but
increases with the number of crosslinking events.
Fig. 9 reports the diﬀerences between Tg and its initial value (Tg -
Tg0) and between the numbers of crosslinking and chain scission events
(X - S) for PEI ﬁlms exposed in air between 200 and 250 °C. At 220 and
250 °C, two successive behaviors are clearly distinguished: ﬁrst of all,
an initial decrease in Tg which reﬂects a relative predominance of chain
scissions over crosslinking in the early periods of exposure; then, a
strong increase in Tg beyond its initial value, indicating that cross-
linking becomes in turn predominant. These two phenomena (chain
scissions and crosslinking) are highly thermo-activated. At 200 °C, it is
suspected that this scenario is still valid, but it will only occur after a
(long) induction period of about 5000 h.
DSC analyzes were also carried out on PEI ﬁlms after thermal ageing
at 220 °C under diﬀerent oxygen partial pressures ranged between 0.21
and 10 bars. The changes in (Tg - Tg0) and (X - S) are given in Fig. 10. It
is found the same behavior as in air. However, the initial fall of Tg is
accentuated when increasing the oxygen partial pressure. In a general
way, the oxygen partial pressure accelerates the kinetics of chain scis-
sions and crosslinking up to a critical pressure of about 0.6 bar at
220 °C, a value which has been already determined, but with a better
accuracy, by FTIR spectrophotometry. It is noteworthy that it was dif-
ﬁcult to follow the PEI crosslinking above its initial value of Tg, in
particular under high oxygen partial pressure, due to the extreme
brittleness of the PEI ﬁlms.
The values of the induction time (ti) of macromolecular modiﬁca-
tions and the maximum rates of chain scission (rS) and crosslinking (rX)
determined at 220 °C were plotted as a function of the oxygen partial
pressure in Fig. 11. It can be seen that the values of rS and rX are
comparable. In addition, the curves exhibit a hyperbolic shape and
reach a plateau, which is a characteristic of the oxygen excess regime,
above PC = 3 bars. The values of ti, rS and rX in oxygen excess at 220 °C
are summarized in Table 4 where they are compared to the values
obtained for the degradation products.
In Table 4, it can be seen that chain scissions are detected well
before the disappearance of the CH3 groups and the formation of al-
cohols, whatever the oxygen partial pressure. Thus, it can be deduced
that they occur predominantly at the Ph-C(CH3)2 bonds in the initiation
stages by thermolysis, but also by unimolecular decomposition of hy-
droperoxides (in particular, during the rearrangement by β scission of
alkoxy radicals PO%). Let us recall that this last reaction is in competi-
tion with the hydrogen abstraction leading to the formation of alcohols
(Fig. 4).
Fig. 13. Termination by coupling of P% et PO2% radicals leading to the formation of a C-C bridge between two macromolecular chains and thus, to a crosslinking node.
Fig. 14. Termination by coupling of PO2% radicals leading to the formation of a C-C bridge between two macromolecular chains and thus, to a crosslinking node.
Fig. 15. Proﬁle of the Young's modulus in the thickness of the PEI plate before (in black)
and after (red) 1966 h of exposure in air at 250 °C. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
Concerning crosslinking, it becomes predominant over chain scis-
sions after a longer exposure duration (800 h at 220 °C in air), i.e. when
a suﬃcient quantity of alkyl P• and peroxyl PO2• radicals has been
formed. It can thus be concluded that it results from the coupling of
these radicals, as already proposed in the literature for PC [3]. Ex-
amples of potential mechanisms of crosslinking for PEI are presented in
Figs. 12–14. They all lead to a C-C bridge between two macromolecular
chains. In the absence of oxygen, crosslinking could directly result from
the coupling of primary P• radicals (Fig. 12). In oxygen default, as
dialkyl peroxide bridges POOP cannot survive at the temperatures
under study (typically for T ≥ 180 °C), they decompose almost in-
stantaneously to form two PO% radicals which can rearrange in diﬀerent
ways and, in particular, into tertiary P• radicals by β scission (Fig. 13).
These latter could then couple to form a crosslink node. The same re-
action pathway could be proposed in oxygen excess, just after the rapid
decomposition of the very unstable tetraoxide bridges POOOOP
(Fig. 14).
Finally, it can be noticed that the macromolecular modiﬁcations are
considerably slower than the disappearance of CH3 groups or the for-
mation of alcohols (see Table 4).
3.3. Consequences of oxidation on the elastic properties
The proﬁles of elastic modulus generated by oxidation in the
thickness of PEI plates were determined by micro-indentation. As an
example, the proﬁles obtained before and after 1966 h of exposure in
air at 250 °C are reported in Fig. 15. As expected, the initial proﬁle is
almost ﬂat. The corresponding average value ES of the elastic modulus
is 5.0 ± 0.2 GPa. It is barely higher than the value of the Young's
modulus determined by uniaxial tensile testing on dumbbell specimens:
3.5 ± 0.1 GPa. For this reason, in the present study, a correction factor
of 0.7 has systematically been applied to the indentation modulus in
order to access the value of the Young's modulus.
During thermal ageing, an increase in Young's modulus is observed
in the superﬁcial oxidized layer (Fig. 15). This increase correlates
perfectly with the disappearance of CH3 groups determined by FTIR
spectrophotometry in an ATR mode (Fig. 16). In addition, the thick-
nesses of oxidized layer determined with these two techniques (i.e.
micro-indentation and FTIR spectrophotometry) are comparable. They
are of the same order of magnitude as the thicknesses of the brownish
layer observed by optical microscopy on the free edges of the samples.
As an example, Fig. 17 shows the micrographs obtained after four dif-
ferent times of exposure in air at 220 °C. It is clear that oxidation results
in a browning of PEI.
The average values of the thickness of oxidized layer determined in
air at 220 and 250 °C with these three techniques are summarized in
Table 5.
However, the increase in Young's modulus is not a direct con-
sequence of oxidation but, above all, of a physical ageing revealed by
the appearance and growth of an endotherm of enthalpic relaxation (or
structural relaxation) within the glass transition zone in the DSC ther-
mograms (Fig. 18).
Thus, if PEI is initially in a glassy state (case of thermal ageings at
180 and 200 °C), the increase in Young's modulus is detected from the
early periods of exposure. In contrast, if PEI is initially in a rubbery
state (case of thermal ageings at 220 and 250 °C), the Young's modulus
increase is detected only when Tg becomes higher than the exposure
Fig. 16. Comparison of the degradation proﬁles determined throughout the thickness of a
PEI plate by FTIR spectrophotometry (●) and micro-indentation (▲) after 1966 h of
exposure in air at 250 °C.
Fig. 17. Examination by optical microscopy (with a magniﬁcation of × 2,5) of the su-
perﬁcial oxidized layer of PEI after diﬀerent durations of exposure in air at 220 °C.
Table 5
Average thickness of oxidized layer of PEI determined by micro-indentation, FTIR
spectrophotometry or optical microscopy after diﬀerent durations of exposure in air at
220 and 250 °C.
T (°C) t (h) lox (μm)
220 429 275 ± 25
667 400 ± 50
1270 750 ± 50
1985 750 ± 50
250 94 225 ± 25
670 350 ± 75
1273 490 ± 60
1966 550 ± 50
Fig. 18. DSC thermogrammes of PEI ﬁlms after 535 h and 2000 h of exposure in air at
250 °C.
temperature, typically after 225 h of exposure in air at 220 °C and after
1250 h of exposure in air at 250 °C.
Fig. 19 shows the changes in the enthalpy and the temperature of
the endothermic peak during the thermal ageing of PEI in air between
180 and 250 °C. These two quantities increase with the exposure time
until reaching a thermodynamic equilibrium state at 180 and 250 °C.
However, at 200 °C, they decrease at longer term.
macromolecular structures (by coupling P• and PO2• radicals) reduce
also progressively the material ability to undergo a structural relaxa-
tion.
On this basis, a correlation was established between the local values
of the Young's modulus, determined by micro-indentation before and
after exposure of the PEI plates in air at 220 and 250 °C, and the cor-
responding values of the relaxation enthalpy determined by DSC
(Fig. 20). It writes:
= + ×E H5. 2 0. 35 Δ (8)
The average value EOL of the Young's modulus of the oxidized layer,
for PEI plates aged in air at 220 and 250 °C, was calculated with Eq. (4).
These values were plotted as a function of the reciprocal Tg in Fig. 21. It
can be seen that all the points are placed around a single master
straight-line whose the equation satisﬁes the relationship of Gilbert
et al. [31]:
⎜ ⎟= ⎛
⎝
− ⎞
⎠
E T E K α T
T
( ) (0 ) 1OL E
g (9)
where E(0 K) is the value of the Young's modulus at 0 K and αE is a
constant.
Thus, for PEI, it is found: E(0 K) = 4.1 GPa and αE = 0.18. It is
noteworthy that this latter value is of the same order of magnitude as
the value (αE = 0.3) proposed in the literature by Gilbert et al. [31],
which would be, according to these authors, almost independent of the
polymer structure.
4. Conclusion
The thermal degradation of the PEI matrix has been studied in the
rubbery state (220 and 250 °C) and in the glassy state (180 and 200 °C)
under oxygen partial pressures ranged between 0.21 and 50 bars, i.e. in
domains of temperature and oxygen partial pressure still totally un-
explored. The analysis at the molecular scale, by FTIR spectro-
photometry, has allowed conﬁrming the thermolysis and thermo-oxi-
dation mechanisms proposed in the literature involving the CH3 groups
of the isopropylidene unit of the bisphenol A part, but also identifying
alcohols as the main oxidation products. The analysis at the upper
scales, by DSC then micro-indentation, has allowed showing, on the one
hand, that chain scissions are majority at the beginning of exposure
then crosslinking becomes predominant at longer term, whatever the
oxygen partial pressure. On the other hand, the diﬀusion control of
oxidation results in the formation of an oxidized superﬁcal layer in
which the elastic properties of PEI are signiﬁcantly impacted. However,
the increase in Young's modulus is not a direct consequence of oxida-
tion, but it is due, above all, to a physical ageing.
In a next communication, a kinetic model will be derived from the
oxidation mechanistic scheme established for PEI, and it will be inter-
faced with the diﬀerent structure/property relationships (in particular,
with Eq. (7) and Eq. (9)) identiﬁed in this study. This theoretical tool
Fig. 19. Changes in the enthalpy (a) and the
temperature of the endothermic peak (b) during
the thermal ageing of PEI in air at 180 (black),
200 (pink), 220 (violet) and 250 °C (green). (For
interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the Web
version of this article.)
Fig. 20. Local changes in the Young's modulus with the relaxation enthalpy during the
thermal ageing of PEI in air at 220 and 250 °C.
Fig. 21. Changes in the Young's modulus of the oxidized layer of PEI plates in fonction of
its reciprocal Tg before (●) and after exposure in air at 220 (■) and 250 °C (▲).
will allow us predicting not only the degradation state of PEI, but also
the changes in its thermomechanical properties during the thermal
ageing. The validity of this tool will be checked from all the experi-
mental data collected in this study.
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